DNA methylation is known to be associated with cell differentiation, aging, disease and cancer. There exists an expanding base of knowledge regarding tissue-specific DNA methylation, but we have little information about person-specific DNA methylation. Here, we analyze the DNA methylation patterns of multiple tissues from multiple individuals using a high-throughput quantitative assay of genome-wide DNA methylation, namely the Illumina GoldenGate BeadArray. DNA methylation patterns were largely conserved across 11 different tissues (r 5 0.852) and across six individuals (r 5 0.829), and we found that DNA was highly methylated in non-CpG islands and/or CpG sites that are not occupied by either H3K4me3 or H3K27me3 (P < 0.05). Finally, we found that the Illumina GoldenGate assay features a large number of probes (265/1505 probes, 17.6%) that contain single-nucleotide polymorphisms, which may interfere with DNA methylation analyses in genome-wide studies.
INTRODUCTION
Epigenetic marks are essential for embryonic stem cell differentiation (1), X-chromosome inactivation (2) and parentaldependent allelic imprinting (3) . They are also involved in cancer and autoimmune disease (4) . Abnormal epigenetic changes are influenced by aging (5), viruses (6) , dietary folate (7), environmental factors (8) and cancer (9) . Therefore, knowledge of inter-individual variation in terms of DNA methylation (I-DMRs) or tissue-specific differentially methylated regions (T-DMRs) in non-cancerous tissues within a single individual may be useful to help us understand aberrant DNA methylation in disease scenarios.
Previous studies have reported tissue-specific gene DNA methylation with a limited number of tissues from different individuals, using a variety of DNA methylation assay techniques (10 -12) . The tissues in these studies were usually obtained from multiple individuals; therefore, it was often impossible to determine intra-individual DNA methylation variation from these studies. Although inter-individual variation in DNA methylation has been reported at specific genomic regions, including transposable elements, imprinted genes and the 'inactive' female X-chromosomes, to our knowledge DNA methylation analysis to identify intra-individual and inter-individual variations has not been performed to date.
In this study, we analyzed the DNA methylation of 1505 CpG dinucleotides in 11 organs from six autopsy subjects using the high-throughput Illumina BeadArray methylation assay. Unlike in previous studies, we were able to analyze differential DNA methylation between tissues (T-DMRs) as well as between individuals (I-DMRs) because multiple tissues were collected from each subject. We found that DNA methylation patterns are largely conserved between organs and individuals. However, we also identified a number of tissue-specific and person-specific differentially methylated genes. We observed that intra-individual DNA methylation patterns exhibit greater variation than inter-individual DNA methylation patterns, consistent with tissue-specific DNA methylation patterns. In addition, comparison of our data with studies examining histone H3 methylation status suggests that DNA methylation may be associated with specific 'histone codes'. Unexpectedly, we identified a large number of either single-nucleotide polymorphisms (SNPs) or DNA repetitive elements that may interfere with accurate DNA methylation measurements.
RESULTS
DNA methylation profiling of 11 tissues from six autopsy cases and the effects of SNPs on DNA methylation analysis
We were interested in studying tissue-specific and individualspecific DNA methylation patterns. We collected 11 tissue types (bladder, colon, esophagus, liver, lung, pancreas, stomach, brain, heart, kidney and spleen) from six individuals at the time of post-mortem examination. These six individuals had various medical diagnoses at the time of death (breast cancer, lung cancer, AIDS, diabetes, cirrhosis); however, we only collected tissues from anatomically normal areas. Table 1 lists gender, age, ethnicity, post-mortem interval (PMI) and basic clinical information of the subjects. DNA was isolated from each tissue, treated with bisulfite and analyzed using Illumina GoldenGate BeadArray technology, which focuses on promoter DNA methylation of 1505 CpG sites in 807 genes. The DNA Methylation Cancer Panel I probe set covers various gene classes, including tumor suppressor genes, oncogenes, genes involved in DNA repair, cell cycle control, differentiation, apoptosis, X-linked and imprinted genes.
During the course of our study, we discovered that SNPs might affect DNA methylation analysis when the Illumina BeadArray assay is used. We found that Illumina reactions at some probes would report high or low beta values, consistent with high or low levels of DNA methylation for all tissues studied within a single individual. Subsequent direct bisulfite-PCR Pyrosequencing confirmation of these sites revealed the presence of an SNP either at the site of methylation or within the assay probe (Supplementary Material, 1-4). Using the UCSC human genome build 18 (NCBI build 36), we found that there are 411 Illumina probe sets that contain SNPs and/or DNA repetitive elements that may potentially affect DNA methylation analyses. These probes are listed in Supplementary Material, 5. The incidence of most of these SNPs is rare; however, we excluded all of these probes in our subsequent analyses. Raw Illumina BeadArray data are presented in Supplementary Material, 6 .
In our analyses, we omitted DNA methylation probe sites with potential SNPs or repetitive elements, X-chromosome genes that are hypermethylated in females and probes with detection P-values .0.05. In addition, we excluded samples for which failed Illumina reactions accounted for .5% of all loci. These included four pancreatic samples, and the outcome was likely attributable to poor DNA quality due to autophagy of the pancreas after death. We used a hierarchical cluster analysis of 905 autosomal DNA methylation probes to detect subsets of genes that exhibited concordant DNA methylation profiles (Fig. 1) . X-chromosome genes that exhibit gender-specific methylation were processed separately from autosomal loci and are shown at the bottom of Figure 1 . The majority of all CpG sites showed similar DNA methylation levels in all organs and individuals; however, we identified a group of CpG sites that was uniquely methylated in certain organs.
Tissue-and person-specific DNA methylation
For most genes, we failed to find many DNA methylation loci that demonstrated major differences across the 11 organs (Fig. 1) (Fig. 2 ). An example of a T-DMR gene is MST1R (macrophage stimulating 1 receptor), which was heavily methylated (minimum beta value 0.71 and maximum beta value 0.93) only in brain tissue from all of the individuals studied ( ). Interestingly, we observed highly consistent DNA methylation levels within all the 11 tissues from individuals for the TUBB3 locus (P , 1 Â 10
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, mean VAR ¼ 0.06). DNA methylation results for representative T-DMR genes and I-DMR genes are shown in Supplementary Material, 9. We confirmed the DNA methylation status of loci that were identified as either T-DMR or I-DMR genes by Illumina BeadArray using quantitative bisulfite-PCR Pyrosequencing technology (Fig. 3) . We found that Illumina and Pyrosequencing data were strongly correlated (mean r ¼ 0.82, P , 0.01).
Intra-individual and inter-individual variations in DNA methylation
We next investigated whether DNA methylation patterns exhibited greater similarity between the same tissues from different individuals or between different tissues from the same individual. Unsupervised two-dimensional cluster analysis for our selected 905 autosomal gene loci using data from 66 samples revealed that the similarity of DNA methylation between tissues was greater than between individuals (Fig. 4) , as tissues mostly clustered together. Tissue from different individuals showed the highest concordance of DNA methylation patterns compared with other factors, such as person, diagnosis, gender, age and race. Brain or spleen tissues from all the six autopsy cases clustered together, whereas heart, kidney or lung tissues from four or five autopsy cases clustered similarly together. Factors including person, diagnosis or age were stochastically distributed and exhibited no clustering. Our analysis of all possible pairs of samples of the same tissue type, measured from different subjects, consistently yielded, on average, a higher average correlation than the average correlation taken from an analysis of all the possible pairs of discordant tissues, measured from the same subject (difference in observed correlations ¼ 0.0237, bootstrap CI ¼ 0.0197 -0.0278) ( Table 2 ). On the basis of these analyses, we conclude that DNA methylation patterns were more consistent between the same tissues from different people than between different tissues from the same individual, but the difference was subtle.
Characteristics of T-DMR and I-DMR loci
To examine the features that determine differential DNA methylation of T-DMR or I-DMR genes, we analyzed the mean beta values of all individuals. The assayed CpG loci were placed 21499 to 497 bp from the transcription start site (TSS). The comparison of distance to TSS and DNA methylation data led us to conclude that the distance of CpG sites to TSS is not related to the level of DNA methylation (r ¼ 20.035, P ¼ 0.29). The percentage of G and C nucleotides in a 500 bp range around the assayed locus also failed to show a strong correlation with DNA methylation level (r ¼ 20.380, P , 0.05). However, the density of CpGs near the assayed locus was strongly correlated with DNA methylation level (r ¼ 20.6112, P , 1 Â 10 216 ) (Fig. 5A) . The assayed loci in the CpG islands (CGIs) were not methylated (median beta value ¼ 0.071), and the loci in non-CpG Table 1 .
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islands (NCGIs) were heavily methylated (median beta value ¼ 0.797) (r ¼ 0.6408, P , 1 Â 10 216 ) (Fig. 5B) . Interestingly, the history of histone marks in ES cells (13, 14) is strongly correlated with the DNA methylation level in adult tissues. We compared our DNA methylation data with previously published studies of H3K4me3 and H3K27me3 status in ES cells (13, 14) . The CpG sites that are occupied by both histone H3K4me3 and H3K27me3 ('Bivalent') in ES cells exhibited low DNA methylation levels in adult tissues (beta value ¼ 0.088, n ¼ 36). The status with the H3K4me3 mark alone ('H3K4me3') also suggested low DNA methylation levels (beta value ¼ 0.078, n ¼ 224); however, the CpG sites with neither H3K4me3 nor H3K27me3 ('None') exhibited high DNA methylation levels (beta value ¼ 0.856, n ¼ 127) (Fig. 6) . Interestingly, all bivalent loci in this study were in CGI, and 88% of the loci labeled 'None' were in NCGI regions. These data are consistent with our previous result that the density of CGI was inversely correlated with DNA methylation.
We next observed the characteristics of T-DMRs and I-DMRs. T-DMRs are preferentially found in NCGI regions than in CGIs (frequency increased from 32 to 43% in T-DMR, P , 0.05); however, we found no significant I-DMR preference between CGI and NCGI (Fig. 7) . T-DMRs were less prevalent in H3K4me3 histone-marked regions compared with all other genes studied (decreased from 63 to 49%, P ¼ 0.0037). However, T-DMR and I-DMR genes were more likely to be found in the loci that contained neither H3K4me3 nor H3K27me3 (P ¼ 0.0016 and 0.0034, respectively) when compared with all genes studied (Fig. 7) . The Polycomb group (PcG) complex-binding region, which is known to be a preferential target of aberrant DNA methylation in cancer, did not exhibit any significant difference in either tissue-or individual-specific methylated loci (Fig. 7) .
DISCUSSION
In this study, we determined the inter-and intra-individual variations in terms of DNA methylation of 1505 CpG loci in multiple tissues from individuals who have undergone postmortem examination. Our results suggest that tissues and individuals exhibit unique DNA methylation patterns; however, we conclude in general that DNA methylation patterns throughout tissues and individuals are very homogenous. Previous studies have examined DNA methylation patterns in different tissues using a variety of methods, including restriction landmark genome scanning (15) , reduced representation bisulfite sequencing (16) and a novel technique for the purification of CGIs (11) . Investigators consistently report that CGI regions with a low frequency of CpGs are generally associated with tissue-specific genes (16, 17) . We find that T-DMRs are preferentially located in non-CGIs, although there was still a large portion of CGIs that showed T-DMR variation. Song et al. (15) have reported that tissue-specific DNA methylation in CGI promoter regions is associated with tissue-specific gene repression . In our study, we identified a weak correlation between DNA methylation and previously published gene expression data (18) (data not shown). However, our analysis of correlations between DNA methylation and histone methylation of T-DMRs shows that they are preferentially located in genomic regions lacking H3K4me3 and H3K27me3. Our work, along with previous studies, demonstrates that non-CGIs are associated with the absence of both H3K4me3 and H3K27me3 (16) . We find that T-DMRs are more likely to be located in non-CGIs that are not associated with H3K4me3 or H3K27me3. Therefore, T-DMRs are likely to be the regions that are not associated with Polycomb, H3K4me3 or H3K27me3 in stem cells and that must therefore be identified by some other epigenetic mark. I-DMR genes, unlike T-DMRs, do not express any preference for CpG density or Polycomb occupancy. These findings are in disagreement with a recent report, which studied the DNA methylation profiles of CD4 þ T lymphocytes from multiple individuals (19) . This bioinformatic analysis showed that CpG-rich regions exhibited low and somewhat similar levels of DNA methylation in all individuals. In contrast, NCGI regions exhibited substantially elevated levels of interindividual variation. We believe that this discrepancy might be attributable to the different tissue types used in our study. We would have ideally liked to obtain histone status and expression data from our autopsy tissue; however, we were unable to obtain high-quality protein or mRNA evaluations from our samples (data not shown). A recent report states that the tissues have epigenetic differences by aging (20) . Unfortunately, we do not see any major DNA methylation pattern changes with age in this study. A possible reason of this discrepancy may come from the different sensitivities of the DNA methylation detection techniques and tissue types tested.
As noted earlier, we analyzed DNA methylation from human autopsy specimens, which is important because it allows for the investigation of intra-and inter-individual variations in DNA methylation. Previous landmark studies of tissue-specific methylation have used either pooled tissues from individuals (16) or somatic cells from multiple individuals (21) . Unfortunately, this does not allow for the study of intra-individual variation. Healthy individuals who died of some traumatic event would have been better sources for the tissues analyzed in our study, but these types of samples were not available. Thus, one limitation of this study is that the time periods between death and tissue collection were variable (PMI: 44-1623 h), and two of the patients did have cancer. However, we do observe clustering of tissue-specific DNA methylation patterns, independent of PMI or the presence of cancer. These data are consistent with previous reports that brain DNA methylation patterns have a stronger correlation with the region of the brain studied than with PMI (10). In addition, histologically normal tissues from cancer patients were found to cluster with normal cancer-free tissues, independent of cancer status. An analysis of matched sets of lung cancers and adjacent normal lung tissue taken at the time of resection demonstrates that our normal cadaveric lung samples cluster with the normal 'live' lung tissue data from patients with lung cancer (data not shown).
By processing our data to identify I-DMR loci, we discovered a technical pitfall associated with DNA methylation sites. Previous studies have shown that CpG sites have a 42-fold higher frequency of mutations compared with non-CpG sites (22) . It is known that deamination of methylated Figure 7 . Characteristics of tissue-specific genes (T-DMR) and individual-specific genes (I-DMR). The 'Total' column of the pie charts represents the subset of 905 loci that were analyzed by the Illumina platform and used in our analysis. The 'T-DMR' column of the charts includes the 521 tissue-specific genes, and the 'I-DMR' includes the 30 individual specific genes. The 'CGI' top row reflects the ratio of CGIs versus NCGIs. The 'Histone' middle row lists the distribution of H3K4 and H3K27 trimethylation histone marks on the basis of previous reports that focus on ES cells. Finally, the bottom row examines the association with the PcG complex (SUZ12, EED, H3K27me3). We note a trend whereby genes that show 'T-DMR'-specific DNA methylation tend to be associated with NCGI promoters and are not associated with H3K4me3 or H3K27me3.
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cytosine generates thymine, whereas deamination of unmethylated cytosine creates uracil, which is recognized as an unnatural DNA base and is more readily repaired (23, 24) . Deaminated 5-methylcytosine creates thymine and is indistinguishable from the thymine/uracil created by bisulfite conversion of cytosine. This technical artifact is reported for our Illumina system, but is a problem that will be shared by all bisulfite-based techniques. This issue may occur in several techniques that are currently used to study DNA methylation, including those that are based on restriction enzymes, probes specifically designed to map onto the target sequence, and others. Therefore, it is necessary to apply stringent filtering criteria to the DNA methylation loci studied to avoid problematic polymorphisms in certain target regions. It is equally important to validate certain DNA methylation loci of interest with DNA sequencing-based techniques, such as direct bisulfite sequencing or Pyrosequencing. Another possible solution to address the polymorphisms problem may be to design assays that simultaneously interrogate both strands of bisulfitetreated DNA, in order to distinguish between an SNP and a methylation difference as described previously (25) .
MATERIALS AND METHODS

Ethics statement
All human tissue was collected with the approval of the University of Southern California Institutional Review Board and was conducted in accordance with institutional guidelines.
Tissue collection and DNA preparation
Eleven somatic tissues, namely brain (cerebral cortex), spleen, heart, kidney, esophagus (mucosa), stomach (mucosa), bladder (mucosa), lung, colon (mucosa), pancreas and liver, were collected from six individuals who have undergone post-mortem examination. All individuals of this study were refrigerated shortly after death. Autopsy case information is listed in Table 1 . Only histologically normal tissue was collected; however, we note that tissues collected from each organ may represent a mixture of the cell types that are normally found in that organ. Collected tissue was dissected at the time of autopsy and frozen at 2708C. DNA was extracted using standard phenol/chloroform methods and stored at 2208C until needed. Bisulfite modification of genomic DNA was performed using the EZ-96 DNA Methylation-Gold Kit TM (Zymo Research, Orange, CA, USA), according to the manufacturer's recommended protocol. Amounts of bisulfite-converted DNA were assessed prior to the use of the GoldenGate assay using the ALU-based MethyLight control reaction, as described elsewhere (25) .
We used whole-genome amplification (WGA) DNA as an 'unmethylated' control, and M.SssI-treated DNA as a fully 'methylated' control. WGA kits (REPLI-g, Qiagen, Doncaster, Australia) were used as recommended to amplify DNA from normal blood and were bisulfite sequence-treated, as described earlier. The methylation reactions were carried out in 1Â M.SssI buffer with 160 mM SAM (supplied with M.SssI by New England Biolabs, MA, USA), and prior to bisulfite treatment, DNA was treated on three sequential occasions with M.SssI to guarantee complete DNA methylation.
Illumina GoldenGate BeadArray DNA methylation DNA methylation status was assessed using the GoldenGate assay for Methylation Cancer Panel I from Illumina (La Jolla, CA, USA) and performed at the USC Epigenome Center, as described elsewhere (26) (the commercially available DNA Methylation Cancer Panel I interrogates 1505 independent CpG sites selected from 807 genes; 231 genes contain one CpG site per gene, 463 genes contain two CpG sites and 114 genes have three or more CpG sites). Data were reported as beta values, which are ratios of competitive primers for the unmethylated and methylated bisulfite sequences. The USC Epigenome Center assessed Illumina GoldenGate DNA methylation data by comparison with a series of negative controls embedded in the assay (Detection P).
Pyrosequencing
Illumina methylation data were confirmed using bisulfite-PCR Pyrosequencing. We used the PyroGold Reagent Kit (Biotage, Uppsala, Sweden) on a Pyrosequencing 96HS per the manufacturer's protocol. In brief, 10 ml PCR products for each sequencing reaction were immobilized onto streptavidincoated beads (Streptavidin Sepharose HP, Amersham Biosciences Ltd) in binding buffer (10 mM Tris -HCl, pH 7.6, 2 M NaCl, 1 mM EDTA, 0.1% Tween 20) for 10 min. The biotinylated template was purified with the Pyrosequencing vacuum prep tool (Biotage) and incubated with 10 pmol per reaction individually with each sequencing primer in an annealing buffer (20 mM Tris -acetate, pH 7.6, and 2 mM MgAc 2 ). The DNA strands were denatured at 808C for 2 min and re-annealed at room temperature for 10 min. Sequencing was performed according to the manufacturer's instructions. The allele frequency (percent cytosine or percent thymidine) was calculated from the peak height analyzed with the allele quantification module in the PSQ 96 HS software (Biotage). Methylation percentage was determined from the cytosine-to-thymidine conversion ratio [methylation ¼ %cytosine/(%cytosine þ %thymidine)]. PCR primers and Pyrosequencing primers are listed in Supplementary Material, 10.
Data analysis
The Illumina data were analyzed using the open-source programs Cluster 3.0 and Java Treeview, and the Bioconductor package in the R software (27) . Cluster 3.0 was used to perform an unsupervised hierarchical cluster analysis by applying complete linkage clustering with a Euclidean distance metric. Bioconductor was used to compute correlation coefficients and fit linear models. We eliminated the loci that have beta values ,0.10 or .0.90 across all tissues and individuals. This led to the exclusion of 117 invariant sites. In addition, X-chromosome-linked loci, loci that possibly contain SNPs and/or repetitive element loci were eliminated to increase the strength our analysis. We estimated the Pearson correlation to understand the strength and direction
of a postulated linear relationship between beta values measured from random pairs of tissues within a person and between random pairs of the same tissue type taken from different people. We then applied a two-factor ANOVA to identify T-DMR and I-DMR loci. The DNA methylation beta value was the outcome, with organ type (n ¼ 11) and individual (n ¼ 6) as predictor variables. We used a rank transformation of the beta values to remove the dependence of variance on the mean beta value. To control for testing multiple genomic regions within a single study, we maintained an overall 5% false-discovery rate using the Benjamini and Hochberg (BH) approach. T-DMR and I-DMR loci are identified as those loci having a BH adjusted P-value ,0.05 in the twofactor ANOVA model. SNPs and repeats that affect the Illumina DNA methylation were identified on the basis of the annotation references from the UCSC human genome build 18 (NCBI build 36). All of the reference SNPs that were located within DNA sequence regions with which Illumina DNA methylation probes can hybridize are reported in Supplementary Material, 5. The reference repeats that were located within or overlapping with Illumina DNA methylation targeting sequences are also included in Supplementary Material, 5.
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